In this study we describe the adaptive changes fixed on the capsid of several foot-and-mouth disease virus serotype A strains during propagation in cell monolayers. Viruses passaged extensively in three cell lines (BHK-21, LFBK and IB-RS-2) consistently gained positively charged amino acids in the putative heparin-sulfate-binding pocket (VP2 bE-bF loop, VP1 C-terminus and VP3 b-B knob) surrounding the fivefold symmetry axis (VP1 bF-bG loop) and at other discrete sites on the capsid (VP3 bG-bH loop, VP1 C-terminus, VP2 bC strand and VP1 bG-bH loop). A lysine insertion in the VP1 bF-bG loop of two of the BHK-21-adapted viruses supports the biological advantage of positively charged residues acquired in cell culture. The charge transitions occurred irrespective of cell line, suggesting their possible role in ionic interaction with ubiquitous negatively charged cell-surface molecules such as glycosaminoglycans (GAG). This was supported by the ability of the cell-culture-adapted variants to replicate in the integrin-deficient, GAG-positive CHO-K1 cells and their superior fitness in competition assays compared with the lower passage viruses with WT genotypes. Substitutions fixed in the VP1 bG-bH loop ("3, "2 and +2 'RGD' positions) or in the structural element known to be juxtaposed against that loop (VP1 bB-bC loop) suggest their possible role in modulating the efficiency and specificity of interaction of the 'RGD' motif with a v -integrin receptors. The nature and location of the substitutions described in this study could be applied in the rapid cell culture adaptation of viral strains for vaccine production.
INTRODUCTION
A great deal of research endeavour has gone into decoding the underlying molecular mechanisms of foot-and-mouth disease virus (FMDV)-cell interaction. It is thought that the cell surface receptors exert an important selective pressure on viral quasispecies and thereby determine cell tropism of FMDV (Baranowski et al., 1998 (Baranowski et al., , 2003 . FMDV utilizes the 'RGD' tripeptide motif in VP1 as an antireceptor to interact specifically with the a v family of integrins (a v b 1 , a v b 3 , a v b 6 and a v b 8 ) as its primary receptors for attachment (Duque & Baxt, 2003; Fox et al., 1989; Jackson et al., 2000; Mason et al., 1994; Neff et al., 1998) . The high mutation rate of its polymerase provides FMDV with the ability to adapt rapidly to changing environments such as different cell receptors. Negatively charged heparan sulfate (HS) proteoglycans (HSPG) or still-unidentified molecules are believed to act as alternative receptors upon adaptation of FMDV to cell culture (Baranowski et al., 1998; Jackson et al., 1996; Sa-Carvalho et al., 1997; Zhao et al., 2003) . Given that the integrin-and HS-binding sites overlap with the neutralizing antigenic epitopes, selection pressure exerted by receptors could inadvertently influence antigenicity of the virus during isolation or vaccine production in cell culture (Domingo et al., 1993; Rieder et al., 1994; Tami et al., 2003) . BHK-21 remains the preferred cell line for FMDV routine laboratory isolation and vaccine production. In addition, some laboratories employ LFBK and IB-RS-2 as sensitive cell lines for virus isolation (Swaney, 1988) . Therefore, it is of interest to map critical amino acid substitutions on the capsid accounting for the plasticity in receptor interaction. More importantly, they could also be potential leads for the rational design of cell-culture-adaptable vaccine seed strains through a reverse genetic approach (Berryman et al., 2013; Maree et al., 2011) . In this study, we explored the sequence hotspots of probable adaptive significance in cell culture by comparing the capsid coding (P1) sequences and threedimensional structures generated thereof for multiple strains of FMDV serotype A representing WT viruses derived directly from infected cattle tongue epithelium and after passaging in three cell lines originating from different animal species.
RESULTS AND DISCUSSION

Selection and in vitro characterization of viruses
In India, a unique genetic lineage (VP3 59 -deletion group) of serotype A has been reported in which residue 59 in the VP3 protein is deleted (Mohapatra et al., 2011) . Incidentally, the 59th residue in the VP3 b-B knob is a constituent of the wall of the putative 'HS-binding pocket' (Fry et al., 2005) . In this study, viruses in the infected cattle tongue epithelium (P 0 ) collected from field outbreaks, one from the deletion group (A IND 46/2010) and two from the non-deletion group (A IND 744/2009 and A IND 195/ 2007) , were used for extensive propagation in BHK-21 cell monolayers (Table 1) . After 30-50 passages (P 30 or P 50 ), the P1 region was sequenced at various passage levels and the nature of the substitutions fixed under the two different capsid contexts was determined (Fig. 1) . Additionally, A IND 46/2010 was subjected to 12 passages in BHK-21 cells in an independent regimen (regimen 2) to determine the between-regimen differences in the selected substitutions, if any. Parallel serial infections of BHK-21, LFBK and IB-RS-2 cells (up to P 30 to P 45 ) with another non-deletion virus (A IND 40/2000) were also conducted to compare the substitutions selected under diverse cell culture environments (Fig. 1, Table 1 ). These passage regimens also involved testing the growth ability of the passaged viruses in other cell lines to determine if variants with adaptive substitutions beneficial to growth in multiple cell lines were selected (Fig. 1, Table 1 ).
When the P1 sequence (n5110) alignment for Indian FMDV serotype A isolates (sequences derived after 3-12 passages in BHK-21 cells) was scanned, positively charged residues (K or R) in and around the putative glycosaminoglycan (GAG) interaction sites were found in a considerable proportion of sequences (.10 % sequences) raising suspicion over their within-laboratory acquisition (data not shown). A selected subset of viruses was sequenced directly from the infected cattle tongue homogenate to deduce the wild-type (P 0 ) genotype. Subsequently, the virus isolates were propagated further in BHK-21 monolayers (five additional passages) to verify the stability of those substitutions under constant cell culture environment (Tables 1 and 2 ).
During the course of propagation in cell culture, the virus titres increased in the respective cell lines, while time taken for complete cell-sheet lysis decreased gradually with serial passaging, implying adaptation of the virus to grow increasingly better in cell culture (data not shown). Furthermore, emergence of variants with positively charged residues at defined regions in the capsid almost coincided with the maximum titres observed in the respective passage regimens. Such variants registered up to nearly 100-fold (about 2 log 10 ) increase in virus titre in BHK-21 cells compared with the viruses having WT genotypes at lower passages (Table 3 ). In the coinfection competition assays, those cell-culture-adapted viruses swiftly outcompeted their parental competitors after only a limited number of passages (P 1-5 ), consistent with the presumed greater biological fitness the positively charged residues impart to the virus in cell culture (Table 4) . Since CHO-K1 cells do not express any 'RGD'-binding integrin known to be used by FMDV, entry into these cells is postulated to be mediated by either HS or some non-integrin, non-HS receptors (Berryman et al., 2013; Jackson et al., 1996) . While none of the viruses before gaining positively charged residues (P 0 or low passage populations) could replicate in CHO-K1 cells, the cell-culture-adapted variants manifested cytopathic effect, uniform small plaques (,1 mm diameter) and increase in virus titre between 1 and 24 h postinfection of CHO-K1 cells (Table 3) . Infectivity for CHO-K1 cells supports the expanded tropism of the cell-cultureadapted variants and adaptation to non-integrin mode of cell entry, which could be attributed to the acquisition of positively charged residues on the capsid.
In this study, the substitutions selected on the capsid of FMDV serotype A strains consequent to propagation in cell culture could be classified in four generic categories based on their frequency, nature, location and their implications for receptor interaction: positive-charge-acquiring substitutions (i) in the 'HS-binding pocket', (ii) at the fivefold symmetry axis and (iii) at other regions on the capsid surface, and (iv) changes in the VP1 bG-bH loop or in the structurally adjoining sites.
'HS-binding pocket' showed consistent tendency to gain positive charge
The 'HS-binding pocket' is an evolutionarily conserved shallow depression at the centre of the viral biological protomer (Fry et al., 1999) . The three walls of the 'HSbinding pocket' are predicted to be formed by strand B1 and the subsequent loop of VP3 (residues 55-60), the Cterminus of VP1 (residues 195-197) and the aB helix of VP2 (residues 133-138), while the base is formed by a 3 10 helix of VP3 (residues 84-88) in a serotype A10 61 virus (Fry et al., 2005) . In the present study, upon sequential passage in all three cell lines, most of the viruses demonstrated a typical propensity to fix positively charged residues in that recessed region (Figs 1 and 2, Table 2 ). Locations of the positively charged amino acids selected in the capsid proteins of various serotypes of FMDV and thought to be of adaptive significance in cell culture as reported in previous studies and in the present study are compiled in Table 5 . In A IND 744/2009, E 134 -K (GAA-AAA) substitution in the aB helix, while in A IND 46/2010, E 131 -K (GAA-AAG) substitution in the bE-bF loop preceding the aB helix in VP2, were selected during passage in BHK-21 cells (Fig. 1a,b) 59 -nondeletion virus, C 56 -R substitution (TGT-CGT) was fixed after 20 passages in BHK-21 cells. It is obvious in the surface electrostatic view that this C 56 -R change renders the nearly neutral VP3 wall of the 'HSbinding pocket' positively charged (Fig. 2) . Strikingly, for A IND 40/2000 virus, the location of acquisition of positive charge within the 'HS-binding pocket' varied between cell lines. While E 131 -K (GAG-AAG) replacement in VP2 was selected both in BHK-21 and LFBK cells, E 194 -K substitution in the VP1 C-terminus got fixed exclusively in the IB-RS-2 regimen (Fig. 1c) Table  2 ). All these cell-culture-adapted variants with a positively charged 'HS-binding pocket' achieved high titre growth in BHK-21 cells and also replicated in CHO-K1 cells (Table 3 ). More importantly, once selected within the 'HS-binding pocket', the positively charged residues did not revert to the WT sequence even after changing the cell lines at some points in the passage series, thereby suggesting the likely advantage they impart to the virus to possibly attach to a ubiquitous negatively charged cell surface molecule through ionic interactions (Fry et al., 1999 (Fry et al., , 2005 Jackson et al., 1996; Maree et al., 2010; Sa-Carvalho et al., 1997) . Table 2) . A net gain in positive charge at the fivefold symmetry axis, spatially distant from the canonical 'HSbinding pocket', has been shown to impart to the virus an exceptional ability to infect cells in an integrin-, HS-, chondroitin-sulfate-and sialic-acid-independent manner (Table 5 ). Insertion at that location has never been noted in any of the serotype A field viruses and, therefore, such an insertion reflecting an extreme form of evolution implies its adaptive advantage, probably to engage with negatively charged cell-surface molecules. This presumption could be substantiated by the fact that the viruses with highly charged patches surrounding the fivefold symmetry replicated in CHO-K1 cells (Table 3) . Interestingly, in the competition assay involving A PD 284/2010 BHK-21 P 4 and P 10 viruses, a novel genotype in addition to the P 10 virus ('KKKA') having two chargegaining substitutions but without lysine insertion ('N 108 KA 110 ' motif to 'KKK') emerged after five competition passages, indicating an enhanced fitness for the virus populations having a 'KKK' motif in common at the fivefold symmetry axis ( (Fig. 1) . Both substitutions persisted upon further passaging in LFBK and IB-RS-2 cells. It has been proposed that alterations in cell tropism may be mediated by a number of discrete sites on the viral capsid (Baranowski et al., 1998) . Decreased heparin binding and complete abrogation of infection of integrin-deficient CHO cells has been ascribed to loss of positive charge at amino acid position 173 in VP3 (Baranowski et al., 1998) (Table 5 ). Although its involvement in cell culture adaptation of virus could not be ascertained due to the prior existence of a charged 'HS-binding pocket' in the same virus, it may be conjectured that the VP3 bG-bH loop contributes to interaction with a receptor having an important electrostatic component. (Fig. 1) . Since all these substitutions were fixed subsequent to the selection of the positively charged residues in the putative 'HS-binding pocket', it is difficult to ascribe any biological relevance to them unless their effects are tested individually using infectious cDNA clones corresponding to the respective strains. Nevertheless, positive charges were fixed in the VP1 C-terminus regardless of the cell line against a background milieu of already existing positively charged residues (R 200 HKQK 204 ). Additionally, the VP1 C-terminus has been shown to make contact with one side of the VP3 bG-bH loop in A22 virus (Curry et al., 1996) . Therefore, the possible involvement of the VP1 C-terminus in creating a local environment favourable to attachment with the negatively charged cell surface moieties appears to be intriguing. This finding provides implicit evidence in favour of the superior fitness of viruses with positively charged residues within the 'HS-binding pocket' over those with charged patches in the VP2 bC strand or VP1 bG-bH loop in cell culture. Since the sites gathering positive charges varied between the passage regimens for A IND 46/2010, it may be inferred that the same virus enjoys a certain degree of freedom in respect to the sites experiencing adaptive evolution in cell culture, probably for the same phenotypic consequence.
Substitutions fixed in and around the integrinbinding VP1 bG-bH loop BHK-21, LFBK and IB-RS-2 cells are known to differ in their surface a v -integrin repertoire (Burman et al., 2006; King et al., 2011; LaRocco et al., 2013; Lawrence et al., 2013) . Even after extensive propagation in cell culture, neither the 'RGD' motif nor the downstream a 10 helix sequence was found to be distorted in any of the viruses. Rather, substitutions in the integrin-binding loop and its vicinity, thought to be beneficial for efficient interaction with integrins, were selected over and above the positively charged residues. When the BHK-21-adapted A IND 46/ 2010 virus was shifted to LFBK cells, an R 142 -P substitution was selected at the 'RGD' 22 position that showed swift reversion when passaged back in BHK-21 cells, while both R and P were apparently tolerated in the IB-RS-2 passage regimen. From a structural perspective, selection of a proline residue known to produce a kink in the polypeptide chain is an interesting observation. As shown in Fig. 3(a, b) , the R 142 appears to provide additional stability to the VP1 bG-bH loop by engaging its NH 2 group in two hydrogen bonds with VP2 A 86 . VP1 T 143 in this virus also forms a network of polar contacts with neighbouring residues (Fig. 3a) . However, R 142 -P mutation in the LFBK-adapted virus appears to perturb the conformation of the bG-bH loop (determined by backrub simulation) by disrupting most of those stabilizing polar interactions (Fig. 3b) . It is also important to note that with its long positively charged side chain with high degree of rotational freedom, R 142 could potentially form polar contacts with other neighbouring VP2 residues such as L 83 , P 84 and T 85 . Such a strong interaction network may also restrict the movement of the bG-bH loop, a function critical to the 'RGD'-receptor interaction. Based on these predictions, the R 142 -P mutation selected during passage in LFBK and IB-RS-2 cell lines, due to its limited rotation and restricted interaction with neighbouring residues, might create a flexible local environment that is more favoured for interaction of 'RGD' with a host of integrins in vitro. Additionally, in BHK-21 and IB-RS-2 regimens, G 141 -E substitution was found to be selected at the 'RGD' 23 (1) *Positive-charge-gaining substitutions are shown in italics; 'x' denotes position for insertion of lysine.
Adaptive evolution of FMD virus capsid in cell culture position, whereas G 148 -E substitution was selected at the 'RGD' +2 position only in IB-RS-2 cells.
In A IND 744/2009, G 141 -E substitution was selected at the 'RGD' 23 position in BHK-21 cells and was maintained during subsequent passages in other cell lines. G 141 -E mutation seems to introduce two polar contacts with adjoining residue H 142 . These interactions may delocalize the electron pair on H 142 to reduce its electron donating potential and thereby destabilize the interaction between VP1 H 142 and VP2 L 83 and D 86 that will further lead to a more flexible 'RGD' loop ( Fig. 3c, d) . Additionally, G 43 -E and V 193 -G substitutions were found to be selected concomitantly in the bB strand and C-terminus of VP1, respectively, during passage in LFBK and IB-RS-2 cells. Substitutions at the bB-bC loop of VP1 of serotype O virus have been proposed to force the bG-bH loop to a different position (Parry et al., 1990 ). In the case of A IND 40/2000, the significance of K 172 -N in the VP2 bG-bH loop and R 81 -C substitution in VP1 fixed only in the BHK-21 regimen is not known. Despite the fact that only sequence context immediately downstream of 'RGD' in the a 10 helix has so far been shown to dictate the efficiency and spectrum of integrin usage (DiCara et al., 2008; Rieder et al., 1994) , the possible contribution of other residues in the bG-bH loop to the presentation of the 'RGD' motif and stabilization of 'RGD'-integrin interaction could not be ruled out (Burman et al., 2006) . Although it can be argued that all these substitutions could be mere random fixation of quasispecies variants considering the hypervariable nature of the bG-bH loop, amino acid replacements being selected 
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*The amino acid positions are numbered independently for each protein of the respective strain. DLysine insertion was observed along with lysine substitutions. Adaptive evolution of FMD virus capsid in cell culture in the vicinity of the 'RGD' motif, some of which are predicted to make the loop structurally more flexible, can be seen as a response to utilize multiple integrins available on the cultured cells effectively.
In summary, here we report the location and nature of substitutions on the capsid of FMDV serotype A strains during the course of cell culture adaptation. The increased net local positive charge within the 'HS-binding pocket', surrounding the fivefold symmetry axis, at the VP3 bG-bH loop, VP1 bG-bH loop, VP1 C-terminus and VP2 bC strand, emphasizes the critical role of ionic interaction between the mutant viruses with either GAGs or other negatively charged as-yet-unidentified receptors, irrespective of cell line. The cell-culture-adapted variants displayed an extended tropism for CHO-K1 cells and increased infectivity in BHK-21 cells. Substitutions in the VP1 bG-bH loop surrounding the 'RGD' motif and VP1 bB strand were selected possibly for efficient 'RGD'-dependent integrin binding under the in vitro conditions. Phenotypic characterization of the infectious cDNA clone-derived viruses carrying these substitutions may further confirm the predicted adaptive value of the individual residues in cell culture. Nonetheless, recombinant serotype A viruses engineered to express the substitutions identified in this study could be used to make vaccine strains with enhanced growth properties in cell culture by design.
METHODS
Cells and viruses. Three FMDV-susceptible cell lines, BHK-21, LFBK and IB-RS-2, were maintained in Glasgow minimum essential medium (Sigma-Aldrich) supplemented with 10 % FBS. CHO-K1 cell line was grown in nutrient mixture F-12 Ham, Kaighn's modification (Himedia) supplemented with 10 % FBS. FMDV serotype A strains used in this study and their passage histories in cell culture are detailed in Table 1 .
Assessment of virus infectivity. Plaque assay to visualize the plaque morphology of the viruses following cell culture adaptation and of their WT counterparts (P 0 ) was performed on CHO-K1 cell monolayers as described previously (Kumar et al., 2004) . Those viruses were also used to infect monolayers of CHO-K1 cells in sixwell cell culture plates at an m.o.i. of 2-3 for 1 h and 24 h at 37 uC. Viruses harvested from the infected cells by two freeze-thaw cycles were titrated on BHK-21 monolayers and viral growth was calculated by subtracting the 1 h titre (p.f.u. ml
21
) from the 24 h titre (Maree et al., 2010) . Infectivity titres of the virus populations at different passage levels were also determined in the respective cell lines by plaque titration to confirm cell culture adaptation.
Coinfection competition assay. In vitro competitive growth assays between carefully chosen pairs of viruses obtained before and subsequent to fixation of positive charges in the capsid proteins from different passage regimens were performed by coinfecting BHK-21 monolayers in six-well culture dishes. For coinfection, an m.o.i. of 2 was used at a p.f.u. ratio of 1 : 1 between the plaque-purified clonal populations of viruses selected at lower and higher passages. Clonal populations were employed to assign genotypes to the competitors precisely. The infected culture supernatant produced in the first competition passage was given four successive passages. The culture supernatants harvested after competition passages 1 and 5 were subjected to plaque assay and 10 plaques from each passage were sequenced for the P1 region in order to compare the relative frequency of the two competing genotypes.
Reverse transcriptase-polymerase chain reaction (RT-PCR) amplification and nucleotide sequencing of P1 region. RNA extraction, RT-PCR amplification and nucleotide sequencing of the P1 region of the WT populations and the cell-culture-adapted variants at various passages were performed as described previously (Pandey et al., 2014) .
Sequence alignment and structural analysis. Deduced amino acid sequences were aligned using the CLUSTAL W algorithm in MEGA5 (Tamura et al., 2011) . P1 sequences for the Indian FMDV serotype A BHK-21 isolates were retrieved from GenBank for alignment. For generating the three dimensional structures of capsid proteins, the crystal structure of FMDV serotype O capsid (PDB, 1FOD) was utilized as template. Since none of the available serotype A capsid structures has the complete VP1 bG-bH loop, the serotype O capsid with all structural features intact was used in this study. Homology models of each viral capsid protein were generated in template alignment mode via SWISS-MODEL workspace, which is an integrated web-based modelling environment (Arnold et al., 2006; Biasini et al., 2014; Bordoli et al., 2009) . The alignment produced by SWISS-MODEL was verified using another alignment algorithm (T-coffee). The quality of modelled structures was determined and improved with various in-built tools of SWISS-MODEL followed by energy minimization using GROMOS9639 force field to run 200 cycles of steepest descent and 300 cycles of conjugate gradient method to minimize the steric clashes. These structures were further minimized using 100 cycles of steepest decent protocols with an update interval of ten cycles under amber force-field using UCSF Chimera. The individual capsid protein (VP1-VP4) structures were combined to create the capsid protomer. The capsid protomers were rotated along a fivefold axis to create the capsid pentamer. Adaptive Poisson-Boltzmann Solver (APBS) electrostatic simulation was run using the APBS plugin of PyMol software (De Lano, 2002) . All the structures were finally rendered using PyMOL. The 'HS-binding pocket' was deduced from the FMDV capsid-HS complex crystal structure (PDB, 1QQP, 1ZBA).
